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ABSTRACT 
 
The aeration characteristics of plunging breakers in the deep sea are described using a 
similarity with plunging jets. A large two-dimensional jet facility provides new 
experimental data on the number and sizes of the entrained bubbles and the resulting air-
water interface area. The results enable new calculations of the air-water gas transfer 
contribution of the plunging breakers. The results are consistent with experimental field 
observations and emphasise the role of plunging breakers in the aeration process of the 
oceans. 
 
 
INTRODUCTION 
 
For large wind speeds (i.e. Uw > 6 m/s), wave breaking with extensive air bubble 
entrainment occurs. Large numbers of bubbles are entrained by plunging breaking waves 
as shown by LIN and HWUNG (1992) and by the re-attachment of wind blown drops 
(KOGA 1982). The resulting increase of air-water interface area has a strong effect on the 
gas exchange between the atmosphere and the ocean. In deep waters, there are two 
predominant types of breaking waves : spilling and plunging. Plunging breakers have a 
much greater potential for air bubble entrainment than the spilling wave type : the spilling 
wave's air entrainment mechanism is via a surface roller with the bubbles staying close to 
the surface, whereas the plunging breaker's jet has the potential to entrain large numbers of 
bubbles to considerable depth. 
 
Observations of bubble entrainment by large plunging breaking waves are difficult in 
nature and in the laboratory. An alternative method is to study a similar flow pattern and to 
transpose the results to plunging breakers. The analysis of photographs taken during 
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storms (COLES 1967, MELVILLE and RAPP 1985, LONGUET-HIGGINS 1988) and in 
laboratories (MILLER 1976, GRIFFIN 1984) shows distinctly that plunging breakers have 
similar flow patterns to a plunging jet (fig. 1). During the wave breaking, a portion of the 
water surface overturns and forms a water jet. The overturning aspect is similar to an 
inclined plunging jet in a cross flow (fig. 1). 
 
This paper describes a large plunging jet experiment designed by the authors. 
Experimental results are presented. Then the results are used to estimate the ocean aeration 
due to plunging breaking waves. An application is developed to predict the gas flux during 
a storm event. 
 
 
EXPERIMENTAL APPARATUS 
 
The authors performed experiments using a two-dimensional plunging jet experiment. 
The apparatus was designed to study the air bubble entrainment by a single-shear layer and 
the size of the entrained air bubbles. The apparatus consists of a glass tank with a depth of 
1.8 m, a width of 0.30 m and a length of 3.6 m. A PVC rotatable slot nozzle supplies a 
planar supported jet, 0.27 m wide and 0.012 m thick (fig. 2). The length of the plate that 
supported the jet is 0.35 m. The water supply comes from a constant head tank which has a 
constant water level of 12.9 m above the nozzle. The experiment provides average jet 
velocities from 0.3 to 9 m/s. 
 
The water jet velocities and turbulent velocity fluctuations are measured with a Pitot tube 
connected to a pressure transducer scanned at 500 Hz. Two conductivity probes are used to 
record the air-water flow characteristics. A single-tip conductivity probe (inner electrode 
∅ : 0.35 mm, outer electrode ∅ : 1.42 mm) is used to perform air concentration 
measurements only. A two-tip conductivity probe is used to record the air-water velocity 
based on a cross-correlation technique between the two tips aligned in the direction of the 
flow. Each tip is identical and has an internal electrode diameter of 25 µm and an external 
electrode of 200 µm diameter. Both conductivity probes are excited by an air bubble 
detector (AS25240) connected to a high-speed data acquisition (40 kHz per channel). The 
analysis of the two-tip conductivity probe provides the mean air-water interface velocity, 
air bubble size distributions, air-water interface area and quantity of air entrained. 
 
Measurements of air bubble sizes are checked using high speed photographs taken in the 
dark with a flash speed of 33 µs and high-speed video camera images (with a shutter speed 
of 500 µs). 
 
EXPERIMENTAL RESULTS 
Inception velocity for bubble entrainment 
In a plunging jet situation, air bubbles start to be entrained when the jet impact velocity V 
exceeds a critical value Vc. Dimensional analysis suggests that Vc is a function of the fluid 
properties, the turbulence characteristics (velocity and length scales) and the angle of the 
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jet θ with the free-surface. Figure 3 presents experimental results obtained by the authors 
and classical circular jet results. 
 
Mechanisms of air bubble entrainment by a plunging jet 
When the jet impact velocity is greater than Vc, air bubbles are entrained. Visual and 
photographic observations obtained on the experiment indicate two major air entrainment 
process. 
 
For low velocities (i.e. V < 2 m/s), air bubble entrainment is caused by the pool water 
being unable to follow the undulations of the jet surface and small air pockets are formed. 
Air enters the flow following the passage of these disturbances through the interface 
between the jet and the receiving fluid (fig. 4A). High-speed videocamera images indicates 
that most bubbles are entrained as packets of bubbles and pockets of air, that are later 
broken up into smaller size bubbles. In slow motion, the air bubble entrainment appears a 
very unsteady pulsating process. 
 
For large jet impact velocities (i.e. V > 4 to 8 m/s), experiments on both circular (VAN 
DE SANDE and SMITH 1973) and planar (authors' experiments) plunging jets indicate a 
qualitative change in the air entrainment process. A thin sheet of air, set into motion by 
shear forces at the surface of the jet, enters the flow at the impact point (fig. 4B). The air 
sheet behaves as a ventilated cavity (e.g. LAALI 1980, MICHEL 1984) : the length of the 
air layer fluctuates considerably and air pockets are entrained by discontinuous 'gusts' at 
the lower end of the air layer (fig. 5). For jet velocities between 2 and 6 m/s, the authors 
observed air sheet thickness δab of about 0.5 to 5 mm. The jet velocity at which the air 
layer appears is an inverse function of jet turbulence : i.e., for 'smooth' jets, the air sheet 
will appear at larger velocities than for 'rough' jets. 
 
Air bubble diffusion 
In the shear layer, the air concentration distributions can be estimated as : 
 C  =  Cmax * exp


- 



1.51743 * 
y - YCmax
Y0.1 - YCmax
2
 (1) 
where Cmax is the maximum air concentration at a cross-section x, x is the direction along 
the streamlines and y is the direction normal to the streamlines, YCmax and Y0.1 are the 
locations were C = Cmax and C = 0.1*Cmax respectively. Figure 6 shows typical results. 
 
The distributions of mean velocities can be fitted by a Gaussian distribution : 
 
V
Vo
  =  
1
2 * 



1  +  erf


K * (y - y50)
x  (2) 
where Vo is the jet impact velocity, K is a constant, y50 is the point where V = Vo/2 and x 
is the direction along a streamline. A limited amount of data obtained by BONETTO and 
LAHEY (1993) with circular jets showed the same shape in the developing flow region of 
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a free plunging jet. In the fully-developed region of a plunging jet, the turbulent shear is 
reduced and the interactions between turbulence and air bubbles are not as strong as in the 
developing flow region. In that region, experimental data indicate that the distributions of 
air concentration can be approximated by Gaussian functions. 
 
For jet velocities ranging from 2 to 9 m/s, the analysis of the data indicates that YCmax, 
Y0.1 and y50 can be correlated by : 
 YCmax  =  do  +  0.07911 * (Vo - Vc)
0.330 * x (3a) 
 Y0.1  -  YCmax  =  +/- 0.0659 * (Vo - Vc)
0.855) * x (3b) 
 y50  =  do  +  (0.024 * Vo + 0.226) * x (3c) 
 
Quantity of air entrained 
The experimental results obtained by the authors indicate similar results as previous 
work. The dimensionless quantity of air entrained may be estimated as : 
 
Qair
Qw
  =  k1 * Fr
2 for V < 5 m/s (4a) 
 
Qair
Qw
  =  k2 * 
1
Fr
 for 5 < V < 10 m/s (4b) 
where Fr is the Froude number defined as Fr = (V-Vc)/ g*d and d is the jet thickness. 
Taking into account the angle of the jet with the free surface θ, experimental results (VAN 
DE SANDE and SMITH 1976, KUSABIRAKI et al. 1990) suggest that the quantity of air 
entrained is proportional to (sinθ)-1.2. 
 
Bubble size generated by a plunging jet 
The size of the air bubbles produced by plunging breaking waves is a significant 
parameter for the air-water gas transfer. Next to the plunge point, a region of high 
recirculation and energy dissipation is generated where the entrained air is broken into 
small bubbles before being transported downward by the water flow. The maximum 
bubble size is determined by the balance between the surface tension force and the inertial 
force caused by the velocity changes over distances of the order of the bubble size. For a 
vertical water jets of low velocities, the authors (CHANSON and CUMMINGS 1993) 
developed a simple model to predict the maximum bubble size in shear flows : 
 dm  =  2.1 10
-4/ V2 2-D jets (5a) 
 dm  =  2.7 10
-4/ V2 Circular jets (5b) 
Equation (5) was successfully compared with experimental data obtained by BONETTO 
and LAHEY (1993) and by the authors for 0.5 < V < 1.5 m/s. For smaller velocities (i.e. 
near inception), the authors observed the entrainment of tiny bubbles (i.e. db < 1 mm). 
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High speed video observations suggest that these bubbles are not broken up by the shear 
forces : they are entrained in the form of packet of very small bubbles. 
 
 
APPLICATION : PREDICTION OF OXYGEN TRANSFER DURING A STORM 
 
During a storm event, the gas flux Qgas per sea surface area can be obtained by 
integrating the air-water gas transfer flux in terms of the sea surface and the depth. For a 
fully arisen sea, it is given by : 
 Qgas   =   
⌡
⌠
H=0
H=+oo
P(H)  




⌡
⌠
z=0
z=D(H)
KL   
6  C(z,H)
dm(H)
   (Cs(z)  -  Cgas(z))  dz   dH (6) 
where P(H) is the probability of wave height H and plunging breaking, D(H) is the 
maximum penetration depth of air bubbles (diameter dm(H)), KL is the coefficient of mass 
transfer, Cs(z) and Cgas(z) are the saturated and ambient dissolved gas concentrations 
respectively, C(z,H) is the concentration of undissolved air bubbles at depth z and deduced 
from the rate of air bubble entrainment (eq (4)). Using equation (6), the authors estimated 
the oxygen flux caused by plunging breakers for a wind velocity of 10 m/s at 10 Celsius. 
The result (oxygen gas flux of 9.7*10-7 kg/m2.s) compares favourably with field 
measurements (table 1). 
The calculations were developed assuming a CERC (Shore Protection Manual) wave 
prediction, independent Rayleigh probability distributions for the wave heights and 
lengths, a criterion for deep water plunging breaking as MELVILLE (1982), a linear air 
concentration distribution (e.g. HWUNG et al. 1992), and a mono-sized bubble population 
(eq. (5)). Bubble transport by Langmuir circulation and thermal instability is ignored. 
 
 
CONCLUSION 
 
The aeration of the ocean is enhanced by breaking waves during storms. But there is little 
information on the amount and sizes of the entrained air bubbles. A similarity between 
plunging breaking waves and plunging jets is developed in this paper. A new experimental 
facility was setup specifically for this study. The first experimental results are presented. 
Experimental results obtained from plunging jet situations are found to match observations 
of air bubbles in the ocean and their behaviour during storms. The reasonable agreement 
between simple plunging jet calculations and observations suggests that the proposed 
model of plunging breaker (fig. 1) might provide useful information for the estimate of the 
ocean aeration. 
 
CHANSON, H., and CUMMINGS, P.D. (1994). "Modelling Air Bubble Entrainment by 
Plunging Breakers." Proc. Intl Symp. : Waves - Physical and Numerical Modelling, IAHR, 
Vancouver, Canada, M. ISAACSON and M. QUICK Edit., Vol. 2, pp. 783-792 (ISBN 0-
88865-364-6). 
788 
It must be emphasised that this plunging jet model has some limitations. The wave's 
plunging jet is an unsteady process while plunging jet experiments are steady. Further, the 
effects of the three-dimensional shape of plunging breakers on bubble entrainment 
are ignored. 
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Table 1 - Oxygen gas flux during storms 
 
 WALLACE & 
WIRICK (1992) 
FARMER et al. 
(1993) 
Calculation 
Wind velocity (m/s) : 4.3 to 18.8 up to 15 m/s 10 
Temperature (Celsius) : 7.7 to 12.5 9 10 
Gas flux Qgas (kg/km2.s) : 0.12 to 0.59 0.48 0.97 
Location : Middle Atlantic Bight Georgia Strait  
 
 
Fig. 1 - Sketch of a plunging breaker 
Wave
height
H Fall height
0.3 to 0.5*H
Entrained
air bubbles
θJet angle
15 to 45 degrees
αFree-surfaceslope   
0 to 30 degrees
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Fig. 2 - Sketch of the experimental apparatus 
 
 
 
Fig. 3 - Inception velocity for vertical jets 
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Fig. 4 - Mechanism of air bubble entraiment by plunging jet 
 (A) Low jet velocities (B) High jet velocities 
 (i.e. Vo < 2 m/s)  (i.e. Vo > 5 to 8 m/s) 
 
y
x
Vo
abδ
x
y
Vo
 
 
 
Fig. 5 - Mechanism of air entrapment by re-entrant jet 
 
re-entrant
jet
Sequence of large air pocket entrainment  
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Fig. 6 - Experimental data : air concentration, velocity and air-water interface area 
Vo = 2.35 m/s, d = 12 mm, Tu = 2% 
 
 
